Vapor compression refrigeration (VCR) cooling has been identified as a promising solution to ensure the low-temperature sustainable operation of photonics, avionics and electronics in extreme hot weather. With the inherent benefits of saturated flow boiling in a direct VCR cooling cycle, uniform low surface temperature and low solid/liquid thermal resistances can be achieved. However, flow boiling heat transfer performance is limited by the relatively low critical heat flux (CHF) condition because the evaporator inlet flow is already a liquid/vapor mixture. Moreover, for the aforementioned applications, the dissipated heat loads are usually subject to large and transient changes, which could easily cause the evaporating flow to exceed the CHF point. Therefore, it is important to characterize boiling heat transfer in transient VCR evaporators under both pre-CHF and post-CHF conditions. Comprehensive experimental data are reported in this paper to describe the complete forced convection boiling hysteresis at the evaporator exit. Several wellknown boiling heat transfer correlations and flow pattern criteria are used to help understand the physics of the hysteresis. An empirical model is developed to reveal the unstable nature of * Address all correspondence to this author. transition flow boiling dynamics. A probability distribution function model is further proposed to predict the droplet size in mist flow and vapor core of annular flow. This study provides more design and operating guidelines for the application of saturated flow boiling systems in renewable power generation and electronics/photonics/avionics cooling industries. 
INTRODUCTION
Thermal management is a critical challenge for safe and energy-efficient operation of high-power-density electronics [1] and concentrating photovoltaic (CPV) arrays [2] . The solar electric conversion efficiency of concentrating photovoltaic cells normally decreases with temperature. Low chip temperatures can significantly improve both the computing performance and the reliability of data centers [3] . Increasing power density requires low-temperature cooling to maintain chip/cell junctions within their functional temperature limits.
Two-phase cooling has been identified as a promising strategy for effective and efficient thermal management of electronic, photonic and avionic systems. Vapor compression refrigeration (VCR) cycles are suitable for various solid-state device and module cooling purposes [4] . Low-temperature VCR cooling has been used in the electronics cooling industry, such as IBM's high-end server systems [5] . On the other hand, most existing electronics cooling systems are designed and operated on the basis of maximum cooling capacity; therefore, they are conservative and not energy-efficient for applications with rapidlychanging cooling loads.
There are inherent benefits of saturated flow boiling in a direct VCR cooling cycle [4, 5] , e.g., uniform surface temperature and low solid/liquid thermal resistances can be achieved. However, flow boiling heat transfer performance is limited by the relatively low critical heat flux (CHF) condition since there is no subcooling at the evaporator inlet. Moreover, large and transient heat dissipation from the aforementioned systems could easily cause the evaporating flow to exceed the CHF point. Further understanding of complicated saturated refrigerant flow boiling phenomena over a wide operating ranges is essential for advanced electronics/photonics/avionics cooling system design.
In this paper, we present experimental results on flow boiling hysteresis in transient vapor compression refrigeration systems with varying imposed heat loads (cooling loads). Convective and film boiling heat transfer correlations as well as flow pattern criteria are used to analyze phase changes under pre-CHF and post-CHF conditions. An empirical model is developed to investigate the unstable nature of transition flow boiling dynamics. Based on the analysis of the superheated flow conditions at the evaporator exit, an Erlang probability distribution model is further proposed to characterize the size of the droplets in the vapor flow near the exit.
EXPERIMENTAL SETUP
We constructed a prototype vapor compression refrigeration cooling cycle testbed (Figure 1 ), whose schematic diagram is shown in Figure 2 . The refrigerant R134a is chosen as the primary working fluid while water is used as the secondary fluid for condenser cooling. To mimic the electronics cooling load in the lab, electrically controlled heaters are used for each evaporator (dimensions given in Table 1 ) to regulate heating power inputs explicitly. The upward vertical evaporator is followed with an electronic expansion valve, which is driven by a stepper motor. To ensure safe operation of the variable displacement compressor, a band heater with current control is integrated in the tank serving as an accumulator so that a wide range of system operating conditions can be achieved. The reciprocating compressor in Figure 1 is controlled by a variable frequency drive to operate at various mass flow rates. The condenser in the testbed is a high-effectiveness flat-plate heat exchanger (with ripple surface enhancements), which is coupled with a commercial chiller. The refrigeration loop is fully instrumented for individual component and overall system validation, including absolute pressure transducers, differential pressure transducers, T-type thermocouples (immersed in the flow or attached to the cartridge heaters), and Coriolis mass flow sensors. All these measurements are gathered by a centralized data acquisition (DAQ) system. In this experimental study, only one evaporator is considered to understand the transients of our refrigeration cycle testbed.
FLOW BOILING HYSTERESIS ANALYSIS
When multiple wide-range heat load changes are imposed on the evaporator of our vapor compression refrigeration testbed, typical transient response of the working fluid (refrigerant) and evaporator wall have been recorded and depicted in Figure 3 and Figure 4 . The evaporator exit wall temperature varies from below zero to over 100 • C while the bulk fluid temperature changes slightly with the imposed heat loads mainly because of the evaporating pressure changes. Due to the cascade configuration (Figure 2 ) of our refrigeration cooling system, the condenser exit temperature is automatically regulated by the secondary chiller and fluctuates around the setpoint of 27.2 • C. Note that the original DAQ sampling frequency is 2 Hz while a half-minute sampling time period is chosen in Figure 3 and Figure 4 for data smoothing.
As seen from transient changes of q e , T o e and T o ew , a complete flow boiling hysteresis occurs at the evaporator exit ( Figure 5 ), where the wall superheat, ∆T ew = T o ew − T o e .
Transient Heat Transport
In order to characterize transient heat transports inside the evaporator of the above refrigeration cooling system, a 1-D distributed energy conservation law is applied to the evaporator wall: where α w,b is the boiling heat transfer coefficient between the fluid (refrigerant) and evaporator wall. The radiation heat transfer coefficient α w,r is defined as Therefore, the overall heat transfer coefficient is, α w = α w,b + α w,r . From the data reduction, the peak radiation heat flux, q rad , and axially-conducted heat flux, q cond , are found to be only 0.68% and 0.22% of the corresponding imposed heat flux. Therefore, the convection boiling heat transfer, q conv , is dominant in most cases. Furthermore, by evaluating the transient heat transfer equation (1) at various experimental operating conditions, the average thermal inertia term on the left-hand side only contributes 0.67% of the imposed heat flux; however, the thermal intertia does matter (up 23% of the imposed heat flux) when the temperature excursion happens at the critical heat flux condition.
It can be observed from the boiling hysteresis in Figure 5 that at post-critical heat flux conditions, even when the heat flux is reduced, the wall superheat still remains very high until the minimum heat flux (MHF) is reached; this minimum is called the "Leidenfrost" point. Correspondingly, one has the "Leidenfrost" temperature, as marked in Figure 6 . By checking the open literature, it is surprising to find that the Berenson's correlation [6] in fact can predict the "Leidenfrost" temperature very well (dashed line in the middle subplot of Figure 6 )
Between the critical (maximum) and minimum heat fluxes, there exists a transition flow boiling region. An empirical transition boiling model is developed here for qualitative analysis (corresponding to the dashed line in the middle of Figure 5 ):
With the fact that ∆T w,CHF < ∆T w,MHF , it can be found that Eq.(4) satisfies both the critical (maximum) and minimum heat flux boundary conditions
The transition boiling curve has a negative slope, ∂ q tb /∂ (∆T w ) < 0, which is also seen in Figure 5 . Therefore, for constant imposed heat flux, q , one has the linearized dynamics for the deviation of wall superheat, δ (∆T w )
This means the wall superheat dynamics is unstable in the transition boiling region, which gives the mathematical insight of wall temperature excursion (CHF to post-CHF). This can actually be regarded as the counterpart of the well-known "flow excursion" [7] .
Boiling Regime
When the evaporator's thermal inertia is relative small, the transient heat transfer coefficient at the evaporator exit, α o ew , can be directly obtained from the time series data of the imposed heat flux q and exit wall superheat ∆T ew , α o ew = q /∆T ew . As seen in Figure 6 , the transient heat transfer coefficient α o ew (t) varies significantly, which implies the occurrence of totally different boiling heat transfer mechanisms and flow patterns along the flow boiling hysteresis. In the bottom subplot for α o ew , predictions of the following heat transfer correlations have been plotted against experimental heat transfer coefficient:
Nucleating Boiling Heat Transfer Correlation by Klimenko [8] (dashed line in the bottom subplot of Figure 6 ):
Nu l = 0.023Re
where k w is the wall thermal conductivity. This correlation can be used to predict the nucleate boiling heat transfer coefficient when
Convective Boiling Heat Transfer Correlation by Kandlikar [9] (dotted-dash line in the bottom subplot of Figure 6 ):
Film Boiling Heat Transfer Correlation by Wallis and Collier [10] (dotted line in the bottom subplot of Figure 6 ):
where Re vo is the vapor only Reynolds number, Pr v is the vapor Prandtl number, and Gr v is the vapor Grashof number
Therefore, the heat transfer coefficient α w in (14) is independent of distance z, that is
Note that this correlation was developed for "Inverted Annular Flow" under the assumption of turbulent flow in the vapor film. By comparing the predictions of the above correlations with experiments in Figure 6 , it can be concluded that: 
Flow Pattern
Superficial vapor and liquid velocities are defined in [11] or as follows
With Eq. (16) and experimental measurements, transient superficial vapor and liquid velocities can be calculated and plotted in Figure 7 . Based on the liquid/vapor superficial velocities, two wellknown criteria are used to predict the transitions among different flow patterns (illustrated in Figure 8 ).
Transition to Annular Flow (Convective Boiling) by Taitel [12] (dashed line in Figure 7 ):
(17) 
This criteria can be used to predict the onset of droplet entrainment for vapor film flow. It was developed based on a balance between the shearing force of the vapor drag and the retaining force of the surface tension [13] .
The criteria (18) suggests that, as marked in Figure 7 , the flow above the dotted-dash line (70-160 min), corresponding to post-CHF film boiling, is most probably mist flow. Before that (0-70th min), annular flow patterns may be observed. After the mist flow, the flow pattern could be the mist flow or inverted annular flow until the "Leidenfrost" point, where the liquid core expands with decreasing heat flux and the thin vapor film around the heated wall is broken because of the liquid/vapor interfacial instabilities. Annular flow is then reformed and the heated wall is rewetted with hypothetical small bubbles around the wall (wispyannular flow). This corresponds to the mixed nucleate and convective boiling regimes since the imposed heat flux is relatively low.
EVAPORATOR EXIT DROPLET ANALYSIS
When examining the transient measurements of pressure and temperature (Figure 9 ), the evaporator exit flow seems to be slightly superheated: the flow temperature measurement, T o e , is higher than the saturation temperature corresponding to the pressure measurement, P o e . This superheat exists for mist flow with droplets, because the core mist flow must be slightly superheated so that the heat can be convectively transported from the wall to the droplets through the surrounding vapor flow [11] . 
Droplet Model Development
By applying the Laplace-Young equation [11] to the spherical droplets in mist flow, it is easy to get the following equation between the droplet inner pressure P d and vapor flow pressure P v
where r d is the droplet radius and σ is the interfacial surface tension at P v . Since convection heat transfer is dominant in this study, the vapor temperature, T v , must be higher than the droplet temperature, T d = T sat (P d ), which leads to
where the last inequality in (21) holds because of Eq. (19). By defining a new fictitious radius r o d , it is not difficult to derive
As a result, the radius r o d gives a lower limit of the actual droplet radius r d .
It should be noted that at the evaporator exit, the pressure transducer is essentially measuring the bulk vapor core flow, P o e ≈ P v , and the temperature reading from the thermocouple probe is, calculated by experimental measurements of T o e and P o e . This result is shown in Figures 10 and 11 .
However, considering that the heat transfer between droplet and probe wall is much more effective than that between vapor flow and probe wall T o e , it is reasonable to claim that the thermocouple measurement, T o e , may be closer to T d than T v . The thermocouple probe sheath diameter is around 1 mm, droplets could easily hit the probe wall. Therefore, the radius r o d from the original data reduction may be a good approximation to the actual droplet size r d . A similar approach is also applicable to annular flows since many small droplets are entrained in the vapor core as illustrated in Figure 8 , while the big and slow droplets emerge with the liquid film. This could explain why the droplet size in annular flow is smaller than that in mist flow, as illustrated in Figure 8 and also indicated by Figure 10 and Figure 11 . For the mist flow in Figure 7 , superficial vapor flow is higher so that large droplets can also be entrained in high-speed vapor flow. Figure 10 and Figure 11 basically present the probability of different droplet radii, which shows that the droplet in post-CHF mist flow is most likely 27 µm while the droplet in pre-CHF annular flow is most likely 23 µm. As seen from the above two figures, most droplet radii distribute between 15 µm and 40 µm. It is interesting to note that the above droplet size range (diameter of 30-80 µm) is exactly same as the mist-flow droplets measured with a LaserDoppler Anemometer (LDA) [14] .
In fact, the probability distribution of droplet radius can be characterized by the Erlang Probability Density Function [15] :
where k is the shape parameter, k ∈ N , λ is the rate parameter, λ ∈ R + . As seen from Figure 10 and Figure 11 , the Erlang function (solid curve) fits well with the reduced experimental probability density data (symbols).
Droplet Model Prediction
An independent experiment was conducted to assess the above droplet size model. Totally different operating conditions were chosen, accumulator heat load, q a , increases from 0.05 to 0.35 kW. In this case, the mean mass flowrate in the refrigeration cycle,ṁ, increased from 7.2 g/s to 7.6 g/s. Note that Pre-CHF and Post-CHF boiling heat transfer coefficients in Figure 12 can also be predicted by the Klimenko, Kandlikar, and Wallis-Collier correlations [8] [9] [10] . With the droplet model (23) identified from the previous subsection, k = 11, λ = 0.4, the droplet size predictions agree well with the experimental data ( Figure 13 ).
CONCLUSIONS AND FUTURE WORK
This paper presents a complete set of experimental data and analysis to characterize wide-range transient phase-change heat transfer and fluid flow inside the evaporator of a vapor compression refrigeration cycle testbed. Under imposed multiple heat flux conditions, forced convection boiling hysteresis, including convective and film boiling regimes, is reported. Several boiling heat transfer correlations and flow pattern criteria are used to understand thermal-fluid physics under pre-CHF and post-CHF conditions. An empirical model has been developed to demonstrate the unstable nature of transition flow boiling dynamics. By analyzing the superheated flow conditions at the evaporator exit, an Erlang probability distribution model is further proposed to predict the droplet size in mist flow and vapor core of annular flow. However, the physical mechanism of burnout and rewetting conditions have not been well studied in this paper. Although many CHF correlations have been developed, it is more desirable to develop a first-principle separated-flow flow model to predict both pre-CHF and post-CHF conditions of saturated flow boiling systems, similar to our previous CHF study in [16] . This effort will be the next step in our research. 
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